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Abstract— A noticeable all-optical tunable delay based on dispersion and wavelength conversion (WC) 
using four-wave mixing (FWM) non linearity in high nonlinear fibers (HNLFs) and filtering is 
demonstrated in this work. It explores the delay performance at 40-Gbps while enhancing the delay 
performance at 10-Gbps delay operation. For 10-Gbps design, a continuously tunable delay over a range 
of 2.8-ns for 10-ps pulse width (PW) is achieved and a maximum relative delay (MRD) of 280 is realized. 
The proposed design for 40-Gbps delay system with 2.5-ps PW successfully achieves 633-ps tunable 
optical delay and MRD of 253. A comparison between this work and related literatures that use FWM 
Kerr-nonlinearity in HNLFs is carried to explore the merits of this work. 
Keywords- Optical Fiber Delay; Four Wave Mixing; Optical Fiber Nonlinearity; Optical Fiber Dispersion
I. INTRODUCTION 
It is desirable to have all optical network, in which 
data is transmitted optically without conversion 
from electrical-to-optical and vice versa, to meet 
the strong demand of ultrahigh bandwidth 
capability. Optical/electronic conversion of data is 
considered a bottleneck for increasing data 
transmission rate. For the purpose, researches work 
on producing all optical devices to serve all optical 
signal processing techniques, e.g., WC [1,2], 
multicasting [3], multiplexing [4], demultiplexing 
[5], switching [6], logic gates [7], 3R regenerators 
[8], pulse compression [9], and tunable optical 
delay [10].  
Tunable optical delay line is required for many 
applications in different areas such as optical 
coherence tomography [11], optical sampling [12], 
pattern correlation [13], and optical packet 
switching [14]. Optical delay line will be the main 
concern of this work. 
Several nonlinearity techniques have been 
proposed to demonstrate a tunable optical delay 
line such as nonlinearity in semiconductor optical 
amplifiers (SOAs) [15], nonlinearity on photonic 
chips [16], and nonlinearity in optical fibers [17].  
Nonlinearity using photonic chips requires high 
precision fabrication and does not offer high 
density optical rates especially for optical time 
delay designs [18,19]. While, nonlinearity in SOA 
allows large power consumption due to large 
amplifier spontaneous emission (ASE) noise figure 
[20]. On the other hand, nonlinearity in optical 
fibers provides ultrafast time response, low noise 
figure, and wide flat bandwidth for wavelength 
conversion that is an essential for realizing an 
effective all optical signal processing devices [20]. 
However, it has low conversion efficiency. Thus, 
this work will depend mainly on optical fibers 
nonlinearity.  
Nonlinear effects in optical fibers occur due to: 1) 
change in the refractive index of the medium with 
optical intensity (Kerr nonlinearity), 2) presence of 
inelastic scattering phenomenon [21]. Researches 
state that Kerr-nonlinearity has been used to 
overcome the limitations of the scattering 
phenomenon [22,23].  
Among Kerr-nonlinearity types, FWM has the 
following advantages: 1) fast response time, 2) low 
noise, 3) it offers strict transparency to amplitude, 
frequency and phase [24,25]. However, FWM has 
the disadvantage of limited conversion bandwidth 
since the presence of the phase matching between 
interacting waves [26]. FWM in optical fibers 
needs high nonlinearity, low dispersion, a low 
dispersion slope, and a short fiber to reduce the 
phase mismatch between waves [27]. These merits 
make FWM a good candidate for realizing a 
remarkable wavelength conversion stage which is 
the key of achieving remarkable tunable all optical 
delay line. 
In [28] an all optical tunable delay is demonstrated 
for 10-Gbps packets over range of 800-ps based on 
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WC using FWM, and group velocity dispersion 
(GVD) using dispersion compensation fiber (DCF).  
A Highly nonlinear dispersion shifted fiber (HNL-
DSF) of length 1 km is used for FWM with WC 
range of 12-nm. 
A delay up to 185-ps for 10-Gbps data rate is 
achieved using FWM for WC and chirped fiber 
Bragg grating (CFBG) for GVD in [29]. Fok and 
Shu [30] reported a variable delay up to 840-ps for 
10-Gbps data rate using dual-pump FWM that 
offers a conversion bandwidth of 40-nm and DCF 
for GVD. The dual pump FWM technique with 
extremely HNLF is used to increase conversion 
bandwidth in order to use shorter DCF to reduce 
GVD-induced pulse distortion. An all optical 
tunable delay of 400-ps for 10-Gpbs packets based 
on high chirp-rate grating and FWM in highly 
nonlinear photonic crystal fiber (HNL-PCF) is 
demonstrated in [31].      
More detailed discussion for previous literatures 
and others, which deal with designing, evaluating, 
optimizing and realizing all optical delay line using 
FWM in optical fibers, are presented and compared 
to this work in Table 2 and Table 3 in section 5. 
In this work, an all optical delay line is achieved 
using WC and dispersion without waveform 
distortion. A remarkable tunable delay for 10-Gbps 
return-to-zero (RZ) 10-ps input pulses is designed, 
simulated, and evaluated. A successful design for 
40-Gbps delay line operation is introduced. Both 
systems are compatible with short (~ ps) or long 
pulses (~ ns) and show potential for small input 
power.  
This paper is organized as follows. Section II 
reviews the basic principle for FWM and the 
general design for all optical time delay. The all 
optical delay line system design, parameters/values 
are presented in Section III. The obtained results 
are shown and discussed in Section IV. Section V 
contains a detailed literature review and 
comparison with this work. A conclusion is 
presented in Section VI. 
II. PHYSICAL PRINCIPLE OF 
OPERATION AND GENERAL 
PROPOSED DELAY SYSTEM 
The general optical delay system consists mainly of 
two stages. The first stage is the wavelength 
conversion, followed by the dispersive delay stage 
as shown in Fig. 1. 
 
Figure 1. Schematic of the FWM-based optical delay 
system that consists of two stages. TBPF: Tunable band 
pass filter; BPF: Band pass filter. 
Fig. 2 illustrates the spectrum of two optical pulses 
co-propagating through a HNLF. In Fig. 2 (a), both 
pulses are launched into each other's signal pump 
gain spectrum. Such wavelength allocation will 
result in an exponential growth of idler 
components, resulting in a spectrum shown in Fig. 
2 (b) at the output. The generated wave (idler) at 
2fp-fs is a result of the pump wave scattered by a 
grating formed by pump wave and the signal wave. 
The satellite signal at 2fs-fp, is a result of the signal 
wave scattered by the same grating [25,26], where 
fs: signal frequency and fp: pump frequency. This 
allows a BPF with specific bandwidth to capture 
most of the pulse's power at the output. This will be 
the basic operation of FWM nonlinearity for WC in 
this work. For the dispersive delay stage, DCF can 
be used to provide a wider bandwidth operation 
than CFBG [30]. Hence, DCF will be used for the 
dispersive delay stage in this work. 
 
Figure 2. (a) Input optical spectrum of HNLF. 
 
Figure 2. (b) output optical spectrum of HNLF showing 
the effects of FWM 
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The WC stage (Stage 1 Fig. 1), where the central 
wavelength of the pulse is shifted, consists of two 
steps. First, the optical signal is launched to the 
regime of HNLF (point 1 Fig. 1), where the FWM 
takes place. Then the signal is sent through a 
TBPF, where the desired wavelength window is 
selected (point 2 Fig. 1). Following the WC stage, 
the converted signal propagates through the DCF 
(Stage 2 Fig. 1) where the optical delay is 
generated (point 3 Fig. 1). This technique and its 
stages are elementary in all FWM-based optical 
delay systems as in [28-32].  
The optical delay achieved is ΔT = D Δλ where D 
is the dispersion parameter of the dispersive fiber 
and Δλ is the wavelength shift of the output idler. 
Thus, to realize large optical delays, it is necessary 
to have a large wavelength shift and/or large GVD 
[32]. Yet, there is a limitation on how much GVD 
is permitted since the delay will be pursued by 
dispersive pulse broadening. Larger wavelength 
shift is usually the preferred option, as the 
extension will not result in an increase of the 
latency, propagation loss, or intra-pulse dispersion 
[32].  
III. SIMULATION SETUP DESIGN, 
COMPONENTS, AND PARAMETERS 
The proposed simulation setup that is used to 
realize FWM-based optical delay system is shown 
in Fig. 3. This figure represents the detailed design 
for the general delay system that is illustrated in 
Fig. 1. The parameters and values of each 
component are summarized in Table 1. The results 
obtained will be investigated and discussed in 
section IV. The optical spectrum analyzer and 
optical time domain visualizer are used to extract 
the temporal data of each stage. 
 
Figure 3. Simulation setup of the FPM-based optical 
delay system. CW Laser: Continuous-Wave Laser; 
PRBS: Pseudorandom bit sequence; EDFA: Erbium 
doped-fiber Amplifier; MZM: Mach-Zender 
Modulator; PC: Polarization controller 
Table 1. Parameters of each component in 10-Gbps and 40-Gbps FWM-based delay systems  
Components Parameters                   Value 
  10-Gbps 40-Gbps 
CW Laser-1 
(Pump) 
Power(dBm)      0 0 
CW Laser-2 
(Signal) 
Wavelength(nm) 
Power(dBm) 
1546.2 
     0 
      1546.2 
   0 
MZM Extinction Ratio(dB)    20             20 
BPF 
 
Center Wavelength(nm) 
Bandwidth(nm) 
1546.2 
0.9 
         1546.2 
       0.9 
TBPF-1 
 
Bandwidth(nm) 0.9        0.9 
EDFA-1 
 
Gain Control(dB) 
Noise Figure(dB) 
16.5 
2 
      17.5 
       2 
EDFA-2 
 
Gain Control(dB) 
Noise Figure(dB) 
5 
2 
      5 
      2 
EDFA-3 Gain Control(dB) 
Noise Figure(dB) 
12 
2 
     16.5 
    2 
 
 
HNLF 
 
Length(m) 
Non linear Coefficient  ) 
Reference Wavelength(nm) 
Dispersion Slope 
Dispersion(ps/nm km) 
Attenuation(dB/km) 
30 
11 
1550 
0.01 
-0.25 
3 
   30 
   11 
  1550 
 0.01 
 -0.25 
3 
 
DCF 
 
 
Length(km) 
Reference Wavelength(nm) 
Dispersion Coefficient(ps/nm) 
Dispersion Slope 
1 
1546 
-70 
0.0019 
0.2 
1546 
-14 
 0.0019 
TBPF-2 Bandwidth(nm) 0.9 1.0 
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To determine the conversion bandwidth of FWM in 
HNLF-1 which is essential for establishing a stable 
delay line system, a CW pump–signal is applied. 
The signal wavelength is fixed at 1546.2 nm while 
the pump wavelength is tuned. The 0-dBm pump 
and signal are combined through 3-dB coupler and 
are amplified to 14-dBm for 10-Gbps delay system 
and 18.5-dBm for 40-Gbps delay system by an 
EDFA. Then, they are launched to the 30-m 
HNLF-1 for FWM. The conversion efficiency is 
measured and is plotted in Fig. 4 (a) and (b). The 
peak conversion efficiency and the 3-dB 
conversion bandwidth are found to be -20 dB and 
34 nm for 10-Gbps, respectively. For 40-Gbps 
delay system, the peak conversion efficiency and 
the 3-dB conversion bandwidth are found to be -10 
dB and 32 nm, respectively. 
IV. RESULTS AND DISCUSSION 
For the input pump stage in Fig. 3, a CW tunable 
laser-1 is modulated using MZM. A PRBS 
generator is used to generate PRBS at 10-Gbps and 
40-Gbps data rate. The generated pattern is applied 
to RZ pulse generator to generate 10-ps pulses for 
10-Gbps system and 2.5-ps pulses for 40-Gbps 
system. The output of pulse generator is fed to the 
modulator. Then, the generated signal pulses are 
filtered using a TBPF1. The output of the filter is 
amplified by EDFA-1 and serves as FWM pump. 
The light derives from CW Laser-2 works as FWM 
signal after being filtered by BPF and amplified by 
EDFA-2. The signal wavelength is fixed at 1546.2 
nm for both systems while the pump wavelength is 
tuned from 1540 to 1560 nm for 10-Gbps system 
and from 1537 to 1560 nm for 40-Gbps system. 
Both the pump and the signal are combined using 
3-dB coupler. The combined light is then amplified 
to 14-dBm by EDFA-3. Subsequently, the 
amplified combined light is fed to a 30-m HNLF, 
where FWM takes place. The output optical 
spectrum of FWM for 1552.2-nm pump is shown in 
Fig. 5(a) and (b) for both systems 10-Gbps and 40-
Gbps, respectively. Then, the converted idler is 
extracted by tuning the TBPF-2. Afterward, the 
converted wavelength is directed to DCF, where 
the optical delay is generated. To reduce the pulse 
broadening that will take place in the next 
dispersive stage, a narrower bandwidth TBPF can 
be used after the DCF as shown in Fig. 3. 
 
 
 
 
Figure 4. Dependence of FWM conversion efficiency 
on wavelength detuning between the pump and the 
input signal for (a) 10-Gbps system (b) 40-Gbps system. 
 
 
Figure 5. Output optical spectrum of FWM for (a) 10-
Gbps and (b) 40-Gbps systems after passing through 
EDFA-3 and pump is tuned to 1552.2 nm. 
Fig. 6 shows the pulse position as a function of the 
center wavelength of the TBPF. It is found that the 
pulse position linearly varies with the center 
wavelength of the TBPF and its slope is -70.29 
ps/nm for 10-Gbps system and -14.08 ps/nm for 
40-Gbps system. The slope of the time delay is 
determined mainly by the dispersion coefficient of 
the DCF which is (-70 ps/nm) for 10-Gbps 
operation and (-14 ps/nm) for 40-Gbps operation.   
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For 10-Gbps system, Fig. 7 shows that the 
maximum tunable delay achieved is 2.8-ns, which 
corresponds to 280 PWs. For 40-Gbps, Fig. 8 
illustrates that the maximum tunable delay 
achieved is 633-ps, which corresponds to 253 PWs. 
Also, there is a variation in the peak power of the 
output pulses due to the unflattened gain profile of 
the EDFA. This shown fair agreement with similar 
behavior for lower delay system as in [30]. This 
delay system output pulses do not undergo any 
distortion. This is due to the appropriate choice of 
the DCF in the second stage and the bandwidth of 
the TBPF in the first stage. Thus, the scheme offers 
scalability to higher data rates. 
To investigate the performance of the FWM-based 
optical time delay line system, Fig. 9 (a) and (b) 
depicts the eye diagrams of the delayed output of 
the RZ signal for 10-Gbps delay system and 40-
Gbps delay system, respectively. The size of the 
eye opening and the Q-factor are evident for 
acceptable system performance. The maximum 
achieved BER is 10
-13
 for 10-Gbps delay system 
and 10
-11
 for 40-Gbps delay system. A remarkable 
Q-factor of 7.17 for 10-Gbps delay system is 
achieved, while an acceptable value of 6.6 is 
realized for 40-Gpbs operation. 
 
Figure 6. Time delay as a function of the center 
wavelength of the TBPF for (a) 10-Gbps and (b) 
40-Gbps systems. 
F 
igure 7. Maximum delay achieved using a 
PRBS at 10-Gbps. The TBPF-2 is tuned to 
1533.8-nm (top) and 1573.8-nm (bottom) 
 
Figure 8. Maximum delay achieved using a PRBS 
at 40-Gbps. The TBPF-2 is tuned to 1527.8-nm 
(top) and 1572.8-nm (bottom). 
 
Figure 9. (a) Eye diagram and Q-factor (Red line) 
of delayed output for 10-Gbps RZ signal. 
 
Figure 9. (b) Eye diagram and Q-factor (Red line) 
of delayed output for 40-Gbps RZ signal. 
V. LITERATURE COMPARISON 
The first aim in this section is to demonstrate an 
insight view for literatures in section 1 and others 
that utilize FWM in optical fibers to design and 
evaluate all optical delay lines. Table 2 and 3 show 
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detailed information about: 1) Operating 
parameters/values, 2) Conversion stage 
specifications, 3) Delay stage specifications, and 4) 
Performance Evaluation Indicators. 
First, the operating parameters/values provide 
information about the input signal and pump power 
of CW Laser, input PW, and bit rate. In the 
conversion stage, the specifications of the HNLF 
(i.e. length and nonlinear coefficient) used are 
provided. Specifications for DCF and CFBG are 
presented to describe the delay stage. These 
specifications and those provided in the conversion 
stage can afford an idea about the complexity of the 
main stages in all optical delay line design. Finally, 
the MRD, which is the total delay divided by the 
input PW, and tunable time delay (TTD) are used 
as performance evaluation indicators. 
Comparing this work with all mentioned literatures 
that are based on FWM indicates that the presented 
work has the following merits: 1) low pump/signal 
power levels, 2) short PW, 3) achieving time delay 
at 40-Gbps bit rate. The optical delay system 
complexity for 10 and 40 Gbps is relatively simple. 
The main merits for this work arise when 
reviewing the performance evaluation indicators. 
To the authors' best knowledge, it's the first time to 
achieve a 633-ps FWM based optical time delay 
with 40-Gbps RZ packets. This remarkable delay is 
associated with a noticeable MRD of 253 for 40-
Gbps delay system. For 10-Gbps delay system, the 
TTD and MRD are enhanced to a record of 2.8-ns 
and 280, respectively compared to all literatures 
that utilize HNLF. 
Table 2. Comparison between this work and related literatures. 
    Operating parameters 
 
Ref. 
Input signal 
Power 
Input pump 
power 
Input 
PW 
         Bit Rate 
[28] NA Single 
NA 
NA 10-Gbps 
[29] NA Single 
NA 
NA 10-Gbps 
ASK-DPSK 
[30] 0-dBm Dual 
3-dBm  
35-ps 10-Gbps 
ASK-DPSK 
[31] NA Single 
NA 
NA 10-Gbps 
[32] 5.9-dBm Single 
9.9-dBm 
NA 
 
10-Gbps 
NRZ 
[33] NA 
 
Single 
NA 
100-ps 10-Gbps 
NRZ 
This 
Work 
0-dBm Single 
0-dBm 
10-ps 10-Gbps 
RZ 
This 
Work 
0-dBm Single 
0-dBm 
2.5-ps 40-Gbps 
RZ 
NA: Not available; ASK: Amplitude-shift keying; DPSK: Differential phase-shift keying; NRZ: Non-return-to-zero. 
Table 3. Comparison between this work and related literatures. 
 Conversion Stage Specs 
Ref. HNLF 
 [28] 1 km 
11 W-1km-1 
 [29] 35 cm 
1100 W-1km-1 
 [30] 35 km 
1100 W-1km-1 
[31] 70 m 
11 W-1km-1 
 [32] 1 km 
11 W-1km-1 
 [33] Silicon waveguide 
This Work 
(10-Gbps) 
1 km 
11 W-1km-1 
This Work 
(40-Gbps) 
30 m 
11 W-1km-1 
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 Delay Stage Specs Performance Evaluation Indicator   
Ref. DCF CFBG MRD TTD  
 [28] 1 km 
-74 ps/nm 
Not used 80 800-ps  
 [29] Not used Used 
74 ps/nm 
NA 185-ps  
 [30] 300 m 
-21 ps/nm 
Not used 24 840-ps  
[31] Not used Used 
-11.3 ps/nm 
8 400-ps  
 [32] Not used 
 
Used 
21 ps/nm 
NA 340-ps  
 [33] Used Not used 120 12-ns  
This Work 
(10-Gbps) 
1 km 
-70 ps/nm 
Not used 280 2.8-ns  
This Work 
(40-Gbps) 
200 m 
-14 ps/nm 
Not used 253 633-ps  
 Performance Evaluation 
Ref. MRD TTD 
[28] 80 800-ps 
[29] NA 185-ps 
[30] 24 840-ps 
[31] 8 400-ps 
[32] NA 340-ps 
[33] 120 12-ns 
This Work 
(10-Gbps) 
280 2.8-ns 
This Work 
(40-Gbps) 
253 633-ps 
VI. CONCLUSION 
In this work, an all optical delay line is achieved 
using wavelength conversion and dispersion 
without waveform distortion. A remarkable tunable 
delay is achieved of 2.8-ns, which corresponds to 
280 PWs for 10-Gbps RZ 10-ps input pulses. For 
40-Gbps delay system, a TTD of 633-ps and MRD 
of 253 is realized. Using FWM for the wavelength 
conversion reduces the noise that arises in data 
transmission. A larger tunable delay can be 
achieved by using longer HNLF with a larger 
dispersion. The results achieved and the simplicity 
of the system may represent a step toward an 
integrated all-optical buffer system to be used in 
all-optical network systems, communication 
systems, and other application. 
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